Axo-dendritic polarity is a fundamental property of neurons that is essential for the establishment of proper neuronal connectivity, and provides the basis for directional flow of information in the nervous system (Ramó n y Cajal 1995; Kandel et al. 2000) . Neuronal polarity arises from the specification of undifferentiated neurites into axons and dendrites followed by their coordinate growth, leading to a neuronal shape typically with a long axon and several shorter dendrites. A major goal in neurobiology is to elucidate the mechanisms that govern the establishment of neuronal polarity. Biochemical events that act locally within neuronal processes leading to neuronal polarity have been characterized (Craig and Banker 1994; Jan and Jan 2003; Shi et al. 2003; Schwamborn and Puschel 2004; de Anda et al. 2005; Jiang et al. 2005; Kishi et al. 2005; Yoshimura et al. 2005; Barnes et al. 2007; Shelly et al. 2007) . Mounting evidence suggests that transcriptional programs control distinct aspects of the development of axons or dendrites, including their growth and branching Goldberg 2004; Polleux et al. 2007 ). These studies raise the question of whether cell-intrinsic transcriptional mechanisms might also trigger the initial specification of neuronal processes into axons and dendrites, and the establishment of the unique polarized morphology of neurons.
Within the mammalian brain, granule neurons of the developing cerebellum provide a robust system for the study of axon and dendrite development (Ramó n y Cajal 1995; Powell et al. 1997) . Soon after granule neurons exit mitosis in the external granule layer (EGL) of the developing cerebellum, they begin to extend axons that eventually form the parallel fibers of the cerebellar cortex (Altman and Bayer 1997) . Axon growth continues as granule neurons migrate through the molecular and Purkinje cell layers to reach the internal granule layer (IGL). Once granule neurons take up residence in the IGL, they elaborate dendrites. Granule neuron axon extension, migration, and dendrite development peak around the second to third week postnatally in the rat cerebellar cortex (Altman and Bayer 1997) . Differentiated granule neurons, like other neurons in the brain, are highly polarized, with long axons and much shorter dendrites (Ramó n y Cajal 1995).
Studies of neuronal morphogenesis in the cerebellar cortex suggest that distinct transcriptional mechanisms influence specific aspects of the development of axons and dendrites (Stegmü ller and Bonni 2005; Kim and Bonni 2007) . The transcriptional modulator SnoN is required for parallel fiber axon growth . Similarly, the development of different phases of granule neuron dendrite development comes under the purview of specific transcription factors. NeuroD promotes the growth and maintenance of dendrites, Sp4 promotes dendritic pruning, and MEF2A stimulates synaptic dendritic differentiation (Gaudilliè re et al. 2004; Shalizi et al. 2006; Ramos et al. 2007 ). These studies suggest that additional undefined transcriptional mechanisms might regulate other aspects of neuronal morphogenesis in the cerebellar cortex, including establishment of the polarized neuronal shape of granule neurons.
Besides granule neurons of the cerebellar cortex, hippocampal pyramidal neurons have been employed in the study of neuronal morphogenesis, especially in axodendritic polarization. Primary hippocampal neurons become polarized in well-defined steps, beginning with the extension of several undifferentiated neurites that express markers of both axons and dendrites, following which the longest process expresses axon-specific markers, and the remaining neurites differentiate into dendrites (Craig and Banker 1994) . Studies of neuronal polarization in hippocampal neurons have focused on local events in the neuronal processes (Shi et al. 2003; Schwamborn and Puschel 2004; de Anda et al. 2005; Jiang et al. 2005; Kishi et al. 2005; Yoshimura et al. 2005; Jacobson et al. 2006; Arimura and Kaibuchi 2007) . However, a role for cell-intrinsic transcriptional mechanisms in axo-dendritic polarization has not been explored.
The FOXO transcription factors are widely expressed in the developing mammalian brain (Brunet et al. 1999; Hoekman et al. 2006) . While biological functions of the FOXO proteins have been characterized outside the nervous system (Burgering and Kops 2002; Tran et al. 2003; Accili and Arden 2004; Arden 2004; Coffer and Burgering 2004; Van Der Heide et al. 2004; Barthel et al. 2005; Carter and Brunet 2007) , the function of these factors in unique aspects of neural development have remained to be identified. Interestingly, expression of the FOXO family member FOXO6 is enriched in the brain, including the cerebral cortex and hippocampus, but its function has remained unknown (Jacobs et al. 2003; van der Heide et al. 2005; Hoekman et al. 2006) .
In this study, we identify a novel role for the FOXO transcription factors, including the brain-enriched protein FOXO6, in the establishment of neuronal polarity in the mammalian brain. We also identify the polarityassociated protein kinase Pak1 as a critical direct target gene of the FOXO proteins in neuronal polarity. Collectively, our data define the FOXO-Pak1 pathway as a cellintrinsic transcriptional mechanism that establishes neuronal polarity.
Results

FOXO transcription factors are required for establishment of granule neuron polarity
In situ hybridization analyses have revealed that the transcription factors FOXO1, FOXO3, and FOXO6 are expressed in the mammalian brain at a time when neurons undergo a number of developmental events, including neuronal polarization (Supplemental Fig. 1A,B ; Hoekman et al. 2006 ). In addition, we found by immunoblotting that FOXO1, FOXO3, and FOXO6 are expressed in primary rat cerebellar granule neurons (Supplemental Fig. 1C ). The expression of the FOXO proteins increased with maturation in primary granule neurons (Supplemental Fig. 1C ). Together, these observations indicate that the FOXO proteins are expressed in developing mammalian brain neurons, and their temporal pattern of expression suggests a possible role in neuronal morphogenesis.
To investigate if the FOXO proteins might contribute to neuronal morphogenesis, we employed a DNA templatebased method of RNAi to express shRNAs targeting the FOXO proteins FOXO1, FOXO3, and FOXO6 (Gaudilliè re et al. 2002; Lehtinen et al. 2006; Yuan et al. 2008) . We confirmed that expression of FOXO shRNAs led to the knockdown of endogenous FOXO1, FOXO3, and FOXO6 in neurons (Fig. 1A) . The levels of endogenous FOXO1, FOXO3, and FOXO6 mRNA were reduced within 24-48 h in neurons after transfection with the FOXO RNAi plasmid (Supplemental Fig. 2) .
To determine the effect of FOXO knockdown on neuronal morphogenesis, we transfected primary cerebellar granule neurons prepared from postnatal day 6 (P6) rat pups with the FOXO RNAi plasmid (U6/foxo) or control U6 plasmid, together with a GFP expression plasmid to label transfected neurons. FOXO RNAi triggered a striking phenotype in primary granule neurons. A significant proportion of FOXO knockdown neurons displayed a nonpolarized morphology (Fig. 1B,C; Supplemental Fig. 3 ). The control U6-transfected neurons had a polarized morphology with long Tau1-positive, MAP2-negative axons, and short Tau1-negative, MAP2-positive dendrites (Fig.  1D,E) . In contrast, the nonpolarized FOXO knockdown granule neurons had multiple morphologically similar processes that were positive for both the axonal marker Tau1 and the dendrite marker MAP2 (Fig. 1D,E) . To quantify the loss of polarization in granule neurons upon FOXO knockdown, we measured the ratio of Tau1 or MAP2 signal in the longest process compared with the second-longest process, which respectively represent the axon and a dendrite in control neurons (Kishi et al. 2005) . Enrichment of Tau1 was significantly reduced and enrichment of MAP2 signal was significantly increased in the longest process in granule neurons upon FOXO knockdown (Fig. 1F) . We subjected control and FOXO knockdown granule neurons to morphometric analyses. In control granule neurons, as in most neurons in the brain, the longest process is the axon while the other, shorter processes develop into dendrites. FOXO knockdown neurons exhibited significantly longer secondary processes (dendrites in control), while the longest process (axon in control) was significantly shorter as compared with control U6-transfected neurons (Fig. 1G) . In control experiments, FOXO knockdown did not affect the immunoreactivity of markers of post-mitotic granule Figure 1 . FOXO transcription factors establish neuronal polarity in cerebellar granule neurons. (A) Granule neurons were electroporated before plating using the Amaxa nucleofection kit with the control U6 or U6/foxo RNAi plasmid. Four days after transfection, lysates were subjected to immunoblotting with a FOXO1, FOXO3, or FOXO6 antibody. FOXO RNAi substantially reduced levels of endogenous FOXO1, FOXO3, and FOXO6 in neurons. The asterisk indicates nonspecific band. (B) Cerebellar granule neurons transfected with the control U6 or U6/foxo RNAi plasmid and a GFP expression plasmid were subjected 4 d after transfection to immunocytochemistry with an antibody to GFP (see Supplemental Fig. 3 for additional lower-magnification panels). Arrows, arrowheads, and asterisks indicate dendrites, axons, and cell body, respectively. Bar, 50 mm. (C) Granule neurons transfected and analyzed as in B were scored as polarized or nonpolarized. FOXO knockdown significantly increased the number of neurons that fail to acquire a polarized morphology (P < 0.01; t-test, n = 3). (D-F) Granule neurons were transfected with the Amaxa electroporation device with the control U6 or U6/ foxo RNAi plasmid and the GFP expression plasmid and grown at low density. Five days after transfection, neurons were subjected to immunocytochemistry with the GFP antibody and an antibody to the dendritic marker MAP2 (D) or the axonal marker Tau1 (E). Enrichment of Tau1 and MAP2 was quantified in F. Tau1 and MAP2 enrichment are defined as the intensity of Tau1 or MAP2 immunostaining in the longest neurite divided by the intensity in the second-longest neurite. FOXO knockdown neurons displayed significantly increased MAP2 enrichment (P < 0.001; t-test, n = 3) and significantly reduced Tau1 enrichment (P < 0.01; t-test, n = 3) when compared with control U6-transfected neurons. Arrowheads and arrows point to the longest process and other processes, respectively. Asterisks indicate cell bodies. (G) Morphometric analysis of granule neurons transfected as in B revealed that FOXO RNAi significantly reduced the length of the longest process (axon in control), and concomitantly increased the length of secondary processes (dendrites in control) (P < 0.001; t-test, 213 neurons measured). (H) Lysates of 293T cells transfected with the control U6 or U6/foxo RNAi plasmid together with an expression vector encoding GFP-tagged FOXO6 (FOXO6-WT) or the RNAi-resistant mutant FOXO6 (FOXO6-Res) were subjected to immunoblotting with the GFP antibody (top panel) or an antibody to ERK1/2 (bottom panel). (I-K) Granule neurons transfected with the control U6 or U6/foxo RNAi plasmid, together with the FOXO6-Res expression plasmid or its control vector and an expression plasmid encoding DsRed, were subjected 4 d after transfection to immunocytochemistry with an antibody to DsRed. FOXO6-Res significantly reduced the percentage of nonpolarized neurons in the background of FOXO RNAi (P < 0.01; ANOVA, n = 3). The length of the longest process (axon in control) was significantly reduced and the length of secondary processes (dendrites in control) was significantly increased upon FOXO RNAi (P < 0.001; ANOVA, 200 neurons measured), but not in FOXO6-Res-expressing neurons in the background of FOXO knockdown, when compared with control U6-transfected neurons. Arrows, arrowheads, and asterisks indicate dendrites, axons, and cell body, respectively. Bar, 50 mm.
neurons, including the neuron-specific class III b-tubulin (Tuj1) and the transcription factor MEF2A (Supplemental Fig. 4 ). In addition, FOXO knockdown did not have adverse effects on cell survival, and thus the impairment of neuronal polarity in FOXO knockdown neurons was not associated with reduced cell survival (Supplemental Fig. 5 ). Together, these results suggest that knockdown of the FOXO proteins impairs axo-dendritic polarization in granule neurons.
To determine the specificity of the FOXO RNAi-induced neuronal polarity phenotype, we performed a rescue experiment. We generated expression plasmids encoding rescue forms of FOXO1, FOXO3, and FOXO6 by introducing silent mutations in the cDNA encoding the FOXO proteins designed to render them resistant to FOXO RNAi (FOXORes). We confirmed that expression of FOXO shRNAs failed to effectively induce knockdown of FOXO1-Res (Yuan et al. 2008 ), FOXO3-Res (Lehtinen et al. 2006) , and FOXO6-Res (Fig. 1H) . We next tested if expression of the rescue forms of FOXO proteins suppresses the FOXO RNAi-induced phenotype in granule neurons. Expression of FOXO1-Res or FOXO3-Res significantly, albeit partially, reversed the FOXO RNAi-induced phenotype in granule neurons (Supplemental Fig. 6A,B) . Expression of FOXO6-Res restored the polarized morphology of granule neurons in the background of FOXO RNAi (Fig. 1I,J) . Expression of the FOXO rescue proteins on their own had little or no effect on polarity in granule neurons (Supplemental Fig.  6C ). FOXO6-Res also reversed the dual effect of FOXO RNAi on the growth of the longest and secondary processes in granule neurons (Fig. 1K) . Together, these results indicate that the FOXO RNAi-induced phenotype is the result of specific knockdown of FOXO proteins, rather than off-target effects of RNAi or nonspecific activation of the RNAi machinery. Our results also suggest that, among the FOXO proteins, FOXO6 is the prominent though not exclusive member that promotes neuronal polarity.
To further characterize the relative roles of the FOXO proteins in the establishment of neuronal polarity, we generated U6/foxo1, U6/foxo3, and U6/foxo6 RNAi plasmids encoding shRNAs targeting each of the three FOXO proteins specifically (Supplemental Fig. 7A,B) . In contrast to FOXO RNAi inducing the knockdown of FOXO1, FOXO3, and FOXO6 (see Fig. 1 ), knockdown of each of the three FOXO proteins alone failed to impair polarity in granule neurons (Supplemental Fig. 7C ), suggesting that FOXO1, FOXO3, and FOXO6 have redundant functions in the establishment of neuronal polarity. Accordingly, the combined expression of FOXO1, FOXO3, and FOXO6 shRNAs impaired polarity in granule neurons, thus phenocopying the effect of FOXO shRNAs (Supplemental Fig. 7D,E) . Collectively, our data suggest that FOXO6 collaborates with FOXO1 and FOXO3 to induce neuronal polarity and promote the dual morphogenesis of axons and dendrites.
We next characterized the temporal dynamics of the FOXO RNAi-induced polarity phenotype. In analyses of cohorts of granule neurons, we found that the majority of control P6 neurons acquire a polarized morphology between the first and second day after plating (Fig. 2A) .
Remarkably, FOXO RNAi-transfected granule neurons did not convert to a polarized morphology, and remained in a nonpolarized state throughout the course of the analysis.
To determine whether FOXO proteins control the transition from a nonpolarized to a polarized morphology, we performed time-lapse analyses of individual control and FOXO knockdown granule neurons. Neurons were classified into five distinct stages (Powell et al. 1997) . Stages 1-2 and stages 3-5 represent nonpolarized and polarized neurons, respectively. At the time of initial observation, both control and FOXO knockdown granule neurons were found in both polarized and nonpolarized morphologies (Fig. 2B,C) . During the ensuing 86 h of observation, control granule neurons that were initially polarized remained polarized, and neurons that were initially nonpolarized converted to a polarized morphology ( Fig. 2C ). In contrast, FOXO knockdown neurons that were initially nonpolarized did not convert to a polarized morphology throughout the 86 h of observation (Fig. 2B, C) . Interestingly, FOXO knockdown neurons that were initially polarized remained polarized (Fig. 2C ). Quantification of these analyses revealed that FOXO knockdown blocked polarization in nearly 70% of neurons that were initially nonpolarized, while only 15% of control granule neurons that were initially nonpolarized remained nonpolarized at the last time point of observation (Fig. 2D ). However, none of the FOXO knockdown or control granule neurons that were initially polarized became nonpolarized at the last time point of observation ( Fig. 2C) . Together, these results suggest that the FOXO proteins trigger a switch from nonpolarized to polarized morphology in neurons.
FOXO transcription factors orchestrate axo-dendritic polarization in hippocampal neurons
We next asked if the function of the FOXO transcription factors in the establishment of neuronal polarity is specific to cerebellar granule neurons, or if the FOXO proteins play a generalized role in neuronal polarity in mammalian neurons. We therefore characterized the role of FOXO transcription factors in primary hippocampal neurons, an established system in the study of neuronal polarization (Craig and Banker 1994) . Induction of FOXO RNAi in hippocampal neurons significantly increased the number of nonpolarized neurons, leading to a threefold increase in the percentage of nonpolarized neurons as compared with control U6-transfected neurons (Fig. 3A) . The large majority of control U6-transfected hippocampal neurons had a polarized morphology. These neurons displayed a long Tau1-positive, MAP2-negative axon, and multiple short Tau1-negative, MAP2-positive dendrites (Fig. 3B,C) . The nonpolarized FOXO knockdown hippocampal neurons had multiple morphologically similar processes that were both Tau1-and MAP2-positive (Fig. 3B,C) . Quantification of the ratio of Tau1 or MAP2 signal in the longest process compared with the secondlongest process-which represent the axon and the dendrite in control neurons, respectively (Kishi et al.
de la Torre-Ubieta et al.
2005)-revealed that enrichment of Tau1 and MAP2
signal in the longest process was reduced and increased significantly, respectively, in hippocampal neurons upon FOXO knockdown (Fig. 3D,E) . In control experiments, FOXO RNAi did not alter the immunoreactivity of class III b-tubulin in hippocampal neurons (Supplemental Fig. 8 ). Together, our results show that, just as in granule neurons, FOXO knockdown impairs the specification of neurites into axons and dendrites in hippocampal neurons.
To establish the specificity of the FOXO RNAi-induced phenotype in hippocampal neurons, we performed rescue experiments. Just as in cerebellar granule neurons, expression of FOXO6-Res in hippocampal neurons reversed the FOXO RNAi-induced phenotype. FOXO6-Res substantially and significantly reduced the number of nonpolarized hippocampal neurons in the background of FOXO knockdown (Fig. 3F,G) . Importantly, FOXO6-Res led to a significant increase in Tau1 enrichment and a concomitant reduction in MAP2 enrichment in the longest process in FOXO knockdown hippocampal neurons ( Fig. 3H-J) . In control experiments, expression of FOXO6-Res on its own had little or no effect on polarity in hippocampal neurons (data not shown). The rescue experiments suggest that the FOXO RNAi-induced polarization phenotype in hippocampal neurons results from specific FOXO knockdown, rather than off-target effects of the RNAi machinery. Collectively, our findings suggest that FOXO function in neuronal polarization may be generalized in mammalian brain neurons.
FOXO proteins are required in the establishment of neuronal polarity in vivo
We next determined the role of FOXO proteins in neuronal morphogenesis in vivo. We used an electroporation method of RNAi developed for the postnatal rat cerebellum ( Fig. 4A,B ; Konishi et al. 2004; Shalizi et al. 2006; Stegmü ller et al. 2006 ). We transfected P3 rat pups Cold Spring Harbor Laboratory Press on April 19, 2010 -Published by genesdev.cshlp.org Downloaded from with a FOXO RNAi plasmid that also encoded GFP (U6/ foxo-cmvGFP) or the control U6-cmvGFP plasmid. Transfected rat pups were returned to moms and examined 5 d later at P8. Isolated cerebella from P8 animals were subjected to immunohistochemistry using the GFP antibody and an antibody to the Purkinje cell marker calbindin. In control transfected animals, granule neurons residing in the IGL displayed normal dendrite morphology and issued robust granule neuron parallel fiber axons ( Fig. 4B,C ; Ramó n y Cajal 1995; Altman and Bayer 1997) .
FOXO knockdown led to a striking phenotype in the cerebellar cortex. IGL granule neurons in FOXO knockdown animals had multiple long secondary processes in the IGL and often lacked clearly defined ascending axons or parallel fibers in the molecular layer (ML) ( Fig. 4C ; Supplemental Fig. 9 ). The remaining parallel fiber axons in FOXO knockdown animals appeared to be less fasciculated than those in control animals, often wandering off the parallel fiber track (data not shown). Quantification of the in vivo phenotype revealed a nearly 50% increase in the total length of secondary processes in the IGL (dendrites in control) upon FOXO knockdown (Fig. 4D) . To quantify the effect of FOXO knockdown on axons, we measured the percentage of IGL granule neurons associated with parallel fibers. More than 80% of the IGL granule neurons in control U6-transfected animals were associated with parallel fibers. In contrast, only 48% of the IGL granule neurons in FOXO knockdown animals were associated with parallel fibers (Fig. 4E) . To determine the specificity of the FOXO RNAi-induced neuronal phenotype Figure 3 . FOXO transcription factors promote axo-dendritic polarization in hippocampal neurons. (A-E) Hippocampal neurons were transfected with the control U6 or U6/foxo RNAi plasmid and the GFP expression plasmid. Four days after transfection, neurons were subjected to immunocytochemistry with the GFP antibody and Tau1 (B) or MAP2 (C) antibody. The percentage of neurons that failed to acquire a polarized morphology is quantified in A. Enrichment of Tau1 and MAP2 was quantified in D and E, respectively. A significant proportion of FOXO knockdown neurons failed to acquire a polarized morphology (P < 0.01; t-test, n = 3), and displayed significantly reduced Tau1 enrichment (P < 0.0001; t-test, 40 neurons measured) and significantly increased MAP2 enrichment (P < 0.0001; t-test, 57 neurons measured) when compared with control U6-transfected neurons. Arrowheads and arrows point to longest process and secondary processes, respectively. The asterisks indicate cell bodies. The double dagger points to the Tau1-positive axons of untransfected neurons. (F,G) Hippocampal neurons were transfected with the control U6 or U6/foxo RNAi plasmid together with the FOXO6-Res and GFP expression plasmids and were analyzed as in A. FOXO6-Res significantly reversed the FOXO RNAi-induced neuronal polarity phenotype (P < 0.05; ANOVA, n = 3). Arrowheads and arrows point to the longest process and other processes, respectively. (H-J) Hippocampal neurons were transfected as in F and, 4 d later, were analyzed as in B-E. Enrichment of Tau1 and MAP2 was quantified in H and I, respectively. A significant proportion of FOXO knockdown neurons failed to acquire a polarized morphology (P < 0.05; ANOVA, n = 3), and displayed significantly reduced Tau1 enrichment (P < 0.0001; ANOVA, 51 neurons measured) and significantly increased MAP2 enrichment (P < 0.0001; ANOVA, 57 neurons measured) compared with control U6-transfected neurons. These phenotypes were significantly reversed by FOXO6-Res (P < 0.0001; ANOVA, 51 neurons measured; Tau1 and P < 0.0001; ANOVA, 57 neurons measured; MAP2). Representative images of MAP2 immunostaining are shown in J.
in the cerebellar cortex, we performed a rescue experiment in vivo. We found that expression of FOXO6-Res reversed the effect of FOXO RNAi on parallel fibers and length of secondary processes in the IGL (dendrites in control) (Fig.  4F,G) . Thus, just as in primary neurons, the FOXO RNAiinduced polarity phenotype in vivo is the result of specific FOXO knockdown. Collectively, these findings support the conclusion that FOXO proteins play a key role in the establishment of neuronal polarity in vivo.
We also examined the effect of FOXO knockdown on the polarized morphology of granule neurons in vivo at a later stage of brain development. We found that the FOXO knockdown-induced phenotype was sustained in rat pups at P12, 9 d after electroporation. In particular, granule neurons in FOXO knockdown animals had fewer associated parallel fibers than in control U6-transfected animals (Fig. 5A,E) . We also observed a substantial increase in the total length of secondary processes in the IGL in FOXO knockdown animals as compared with control transfected animals at P12 (Fig. 5A,B,D) . In addition, while a substantial fraction of dendrites in control transfected animals at P12 harbored dendritic claws at their ends, representing sites of post-synaptic differentiation (Shalizi et al. 2006) , the long and aberrant secondary processes in the IGL in FOXO knockdown animals had a substantially lower number of dendritic (A,B) P3 rat pups were injected in the cerebellum with a GFP expression plasmid and then subjected to electroporation. Five days later, at P8, pups were sacrificed and coronal sections of cerebella were subjected to immunohistochemistry with a monoclonal antibody to GFP (green) and a rabbit polyclonal antibody to calbindin (red), the latter to label Purkinje cells. Transfected GFP-positive cerebellar granule neurons bear dendrites and have associated parallel fibers (PF) along the ML. Bars, 50 mm. (C) Coronal sections of cerebella electroporated as in A with the control U6-cmvGFP or U6/foxo-cmvGFP RNAi plasmid were subjected to immunohistochemistry with the GFP antibody (green) and the calbindin antibody (red). The bottom panels show a higher magnification of the numbered cells. In control animals (U6), granule neurons in the IGL were typically associated with parallel fibers. In contrast, FOXO knockdown (U6/foxo) led to loss of associated parallel fibers. Concomitant with the decrease in parallel fiber abundance, the length of secondary processes in the IGL was increased in granule neurons in FOXO knockdown animals as compared with granule neurons in control transfected animals. Arrows and arrowheads indicate secondary processes in the IGL (dendrites in control animals) and parallel fibers, respectively. (D) Quantification of total length of secondary processes in the IGL of granule neurons in animals electroporated and analyzed as in C. FOXO knockdown significantly increased the length of secondary processes in the IGL in granule neurons (P < 0.001; t-test, 335 neurons measured). (E) Quantification of parallel fiber phenotype upon FOXO knockdown in vivo. The percentage of granule neuron somas in the IGL that were associated with parallel fibers was significantly reduced in FOXO knockdown animals as compared with control transfected animals (P < 0.001; t-test, n = 3, 811 neurons measured). (F,G) P8 rat pups electroporated at P3 with the control U6-cmvGFP or U6/foxo-cmvGFP RNAi plasmid together with the FOXO6-Res expression plasmid or its control vector were analyzed as in A-E. Expression of FOXO6-Res in the background of FOXO knockdown in vivo significantly reduced the length of secondary processes in the IGL (dendrites in control animals) (P < 0.01; ANOVA, n = 3, 216 neurons measured) and significantly increased the number of parallel fibers associated with IGL granule neurons (P < 0.05; ANOVA, n = 3, 2655 neurons measured) as compared with FOXO knockdown animals. Cold (Fig. 5B,C,F) . These results suggest that the FOXO knockdown-induced impairment in neuronal polarity is sustained in the developing cerebellar cortex in vivo.
Identification of Pak1 as a downstream mediator of FOXO-dependent neuronal polarity
We next investigated the mechanism by which the FOXO transcription factors promote neuronal polarity. We measured the effect of FOXO knockdown on an array of genes encoding proteins that directly control neuronal polarization. The polarity transcriptome selected in these analyses included genes encoding the PAR polarity complex proteins, protein kinases, GTPases, GEFs, signaling proteins, kinesin family motor proteins, and scaffold proteins. Using real-time RT-PCR analysis, we measured the abundance of mRNA encoded by each of these genes in control and FOXO knockdown granule neurons. We found that FOXO knockdown reduced the expression of several polarity genes-including Par6, Pak1, R-Ras, APC, and CRMP2-suggesting that FOXO proteins may control a program of gene expression dedicated to neuronal polarity (Fig. 6A) . Among these genes, Pak1 was the most robustly down-regulated gene (Fig. 6A) . These results suggest that Pak1 might represent a target of the FOXO transcription factors in granule neurons.
We first assessed whether Pak1 might be regulated in granule neurons during the process of polarization. In time-course analyses, we found that Pak1 mRNA abundance increases in granule neurons, preceding the onset of polarization (Figs. 2A, 6B ). Consistent with these in vitro results, Pak1 mRNA levels also increased during the period of granule neuron polarization in the developing rat cerebellum (Fig. 6C) . Concomitant with the increase in mRNA levels, Pak1 protein expression also increased during polarization in primary granule neurons and in the cerebellum (Fig. 6D,E) . The increase in Pak1 mRNA and protein levels correlated tightly with the expression profile of the FOXO proteins in granule neurons (see Supplemental Fig. 1C) , suggesting that the FOXO proteins might regulate Pak1 expression in developing neurons. Consistent with this conclusion, we confirmed that FOXO knockdown led to the down-regulation of Pak1 protein in primary granule neurons (Fig. 6F) . Taken together, our results suggest that Pak1 is transcriptionally up-regulated during neuronal polarization, and that Pak1 is a target gene of the FOXO transcription factors in neurons. . FOXO knockdown-induced impaired neuronal polarity phenotype in vivo is sustained in later stages of development. (A) P3 rat pups were injected in the cerebellum with the control U6-cmvGFP or U6/foxocmvGFP RNAi plasmid and then subjected to electroporation. Nine days, later at P12, pups were sacrificed and coronal sections of cerebella were subjected to immunohistochemistry with the GFP (green) and calbindin (red) antibodies, the latter to label Purkinje cells. In control animals (U6), granule neurons in the IGL were typically associated with parallel fibers. The FOXO knockdowninduced loss of parallel fibers was sustained at this later stage of development (P12). In addition, secondary processes in the IGL (dendrites in control) appeared to be much longer in FOXO knockdown animals as compared with control animals. Arrows and arrowheads indicate dendrites and parallel fibers, respectively. Bar, 50 mm. (B,C) Higher magnification of granule neurons in the cerebellar cortex in animals electroporated and analyzed as in A. The numbered dendritic tips shown in B are magnified in C. Mature dendrites in control animals bear dendritic claws at their ends (indicated by brackets), which represent characteristic post-synaptic structures (Shalizi et al. 2006) . In contrast, the aberrant long secondary processes in the IGL in FOXO knockdown animals have tapered ends lacking dendritic claws. Bars: B, 50 mm; C, 10 mm. (D) Quantification of total length of secondary processes in the IGL of granule neurons in animals electroporated and analyzed as in A. FOXO knockdown significantly increased total secondary process length in granule neurons (P < 0.001; t-test, n = 3 brains, 172 neurons measured). (E) Quantification of parallel fiber phenotype upon FOXO knockdown in vivo. The percentage of granule neurons in the IGL that were associated with parallel fibers was significantly reduced in FOXO knockdown animals as compared with control transfected animals (P < 0.01; t-test, n = 3 brains, 809 neurons measured). (F) Quantification of the number of dendritic claws in control and FOXO knockdown animals. FOXO knockdown significantly reduced the number of secondary processes in the IGL (dendrites in control) bearing claws (P < 0.005; t-test, n = 3, 141 neurons measured).
We next determined if the FOXO proteins directly regulate Pak1 gene expression in neurons. Interrogation of the Pak1 gene promoter revealed two contiguous putative FOXO-binding sites conserved in humans, mice, and rats, located at 1223 nucleotides (nt) upstream of the Pak1 transcriptional start site (Fig. 6G) . Expression of FOXO1, FOXO3, or FOXO6 stimulated the expression of a luciferase reporter gene controlled by Pak1 promoter sequences that included the putative FOXO-binding sequence (Pak1-luciferase) (Fig. 6H) . Importantly, although FOXO6 induced the expression of the wild-type Pak1-luciferase reporter gene, FOXO6 failed to induce the expression of Pak1-luciferase reporter genes in which the FOXO-binding sequences were mutated (Fig. 6I) . In chromatin immunoprecipitation (ChIP) analyses, we found that endogenous FOXO proteins occupy the endogenous Pak1 gene promoter in granule neurons (Fig. 6J) . Taken together, these results suggest that the FOXO proteins directly stimulate Pak1 transcription in neurons.
The protein kinase Pak1 has been demonstrated recently to play a critical role in the establishment of neuronal polarity in both primary neurons and the rodent brain in vivo (Jacobs et al. 2007; Causeret et al. 2009 ). We asked whether Pak1 might mediate the ability of the FOXO transcription proteins to promote neuronal polarity. We first tested the effect of inhibition of endogenous Pak1 in neurons using an RNAi plasmid encoding shRNAs that induce specific knockdown of Pak1 (Jacobs et al. 2007 ). Pak1 RNAi induced the knockdown of endogenous Pak1 to levels comparable with the downregulation of Pak1 upon FOXO knockdown (Supplemental Fig. 10 ). Pak1 knockdown strongly increased the number of nonpolarized neurons ( Fig. 7A ; Supplemental  Fig. 11) . Quantification of the percentage of nonpolarized neurons revealed that Pak1 knockdown phenocopied the effect of FOXO knockdown on neuronal polarity (Fig. 7A) .
In other experiments, we found that, although FOXO knockdown and Pak1 knockdown each significantly increased the number of nonpolarized neurons, the combination of FOXO and Pak1 knockdown did not additively increase the number of nonpolarized neurons (Fig. 7B) . Together, these results are consistent with the conclusion that FOXO and Pak1 operate in a common pathway to control neuronal polarization.
We next determined the effect of expression of exogenous Pak1 on the ability of FOXO RNAi to impair neuronal polarity. If the down-regulation of Pak1 upon FOXO knockdown is critical to the phenotype of impaired neuronal polarity, exogenous expression of Pak1 would be predicted to reverse the FOXO phenotype. In agreement with this prediction, we found that the expression of Pak1 substantially restored the establishment of neuronal polarity in FOXO knockdown neurons (Fig.  7C,D) . Pak1 expression also restored the length of the longest process to control levels in FOXO knockdown neurons (Fig. 7E) . In addition, Pak1 expression reduced the ability of FOXO knockdown to stimulate growth of secondary processes (Fig. 7E) . Thus, the expression of Pak1 overrides the effect of FOXO knockdown on neuronal polarity in primary granule neurons.
In another set of experiments, we assessed the role of Pak1 in the ability of the FOXO proteins to promote the establishment of neuronal polarity in the rodent brain in vivo. We asked if expression of Pak1 might suppress the FOXO knockdown-induced phenotype of impaired neuronal polarity. Strikingly, we found that expression of exogenous Pak1 in the cerebellar cortex in rat pups dramatically reversed the FOXO knockdown-induced impaired neuronal polarity phenotype in vivo (Fig. 7F-H) , suggesting that Pak1 mediates the ability of the FOXO proteins to promote neuronal polarity in the mammalian brain. Collectively, our findings suggest that Pak1 is a critical direct target of the FOXO transcription factors in the establishment of neuronal polarity.
Discussion
In this study, we discovered a novel function for the FOXO proteins as key regulators of neuronal polarity in the mammalian brain. The FOXO transcription factors, including the brain-enriched family member FOXO6, play an essential role in the specification of undifferentiated neurites in post-mitotic neurons into axons and dendrites. We also elucidated a mechanism that underlies FOXOdependent neuronal polarization. The FOXO transcription factors induce the expression of the protein kinase Pak1, which in turn mediates FOXO function in the establishment of neuronal polarity. Our findings suggest that the machinery that locally establishes polarity in neuronal processes is tightly regulated by a FOXO-dependent transcriptional mechanism in the nucleus.
Although FOXO proteins have been implicated in the control of cell survival in mammalian neurons as in other systems (Brunet et al. 1999; Lehtinen et al. 2006; Yuan et al. 2008) , our study uncovers a novel function for these transcription factors in a unique aspect of neural development: the establishment of neuronal polarity. Among the FOXO transcription factors, expression of FOXO6 is enriched in the brain, but its function remained unknown (Jacobs et al. 2003; van der Heide et al. 2005) . We found that FOXO6, in collaboration with the other FOXO proteins, plays an important role in neuronal polarity. Transcriptional regulators have been implicated in driving distinct aspects of the morphogenesis of axons or dendrites at developmental phases that follow polarization, from growth and branching to post-synaptic differentiation of dendrites (Grueber et al. 2003; Aizawa et al. 2004; Gaudilliè re et al. 2004; Hand et al. 2005; Shalizi et al. 2006; Stegmü ller et al. 2006; Ramos et al. 2007) . The identification of an essential role for the FOXO proteins in the establishment of neuronal polarity bolsters the concept that different transcription factors are dedicated to distinct phases of neuronal morphogenesis in the mammalian brain.
Studies of neuronal polarization have focused on characterization of mechanisms that act locally within neuronal processes (Craig and Banker 1994; Jan and Jan 2003; Shi et al. 2003; Schwamborn and Puschel 2004; Zhou et al. 2004; de Anda et al. 2005; Jiang et al. 2005; Kishi et al. 2005; Yoshimura et al. 2005; Barnes et al. 2007; Shelly et al. 2007 ). In addition to the Par3/Par6/aPKC protein complex, several other proteins, including the GTPase Cdc42 and the protein kinase Pak1, form components of a growth cone machinery that promotes axonal specification of undifferentiated neuronal processes (Jacobs et al. 2007) . In this study, we identified a requirement for a FOXO-dependent transcriptional mechanism in the establishment of neuronal polarity. By controlling the expression of components of the polarity machinery, the FOXO proteins may establish the competence of neuronal de la Torre-Ubieta et al. Figure 7 . The polarity-associated protein kinase Pak1 mediates FOXO-dependent neuronal polarity. (A) Granule neurons transfected with the control U6, U6/foxo, U6/scr, or U6/pak1 RNAi plasmid and the GFP expression plasmid were subjected 4 d after transfection to immunocytochemistry with the GFP antibody. Knockdown of Pak1 significantly increased the number of nonpolarized neurons as compared with control U6/scr (P < 0.0001; ANOVA, n = 3) and phenocopied FOXO knockdown. Bar, 50 mm. (B) Granule neurons were transfected with the control U6, U6/foxo, or U6/pak1, or both the U6/foxo and U6/pak1 RNAi plasmids, together with the GFP expression plasmid and subjected to immunocytochemistry 4 d later. While individual Pak1 or FOXO knockdown increased the number of nonpolarized neurons (P < 0.0001; ANOVA, n = 3), simultaneous FOXO and Pak1 knockdown did not additively increase the number of nonpolarized neurons as compared with Pak1 knockdown. (C) Granule neurons transfected with the control U6 or U6/foxo RNAi plasmid together with a plasmid expressing Pak1 or its control vector and the GFP expression plasmid were subjected 4 d after transfection to immunocytochemistry with the GFP antibody. (D) Expression of Pak1 significantly reduced the percentage of nonpolarized neurons in the background of FOXO RNAi (P < 0.01; ANOVA, n = 3). (E) Morphometric analysis shows that the length of the longest process (axon in control) was significantly reduced and the length of secondary processes (dendrites in control) was significantly increased upon FOXO RNAi (P < 0.0001; ANOVA, n = 3). Pak1 expression in the background of FOXO RNAi significantly increased the length of the longest process and significantly reduced the length of secondary processes as compared with FOXO RNAi alone (P < 0.001; ANOVA, n = 3). A total of 636 neurons were measured. (F-H) Coronal sections of P8 rat pups electroporated at P3 with the control U6-cmvGFP or U6/foxocmvGFP RNAi plasmid together with the Pak1 expression plasmid or its control vector were subjected to immunohistochemistry with the GFP antibody. Expression of Pak1 in the background of FOXO knockdown in vivo significantly reduced the length of secondary processes in the IGL (P < 0.05; ANOVA, n = 3) and significantly increased the number of parallel fibers associated with IGL granule neurons (P < 0.01; ANOVA, n = 3) as compared with FOXO knockdown animals. Arrows and arrowheads indicate dendrites and parallel fibers, respectively. Bar, 50 mm. Cold Spring Harbor Laboratory Press on April 19, 2010 -Published by genesdev.cshlp.org Downloaded from processes to undergo axo-dendritic specification. Thus, the FOXO proteins may control the timing of neuronal polarization during brain development. It will be interesting to determine if transcriptional control of neuronal polarization by the FOXO proteins may also allow the coordination of this fundamental process with other major developmental events, including neuronal migration and survival.
Identification of Pak1 as a direct target of FOXO proteins provides compelling evidence for a link between FOXO-dependent transcription in the nucleus and the expression of a protein that acts in the periphery of the neuron to promote neuronal polarization. Although posttranslational regulation of Pak1 has been characterized (Bokoch 2003; Arias-Romero and Chernoff 2008) , our study presents the first evidence of transcriptional regulation of this important polarity regulator. Pak1 appears to promote axonal specification by controlling both the actin and microtubule cytoskeleton in neuronal processes. Pak1 activation of a LIM kinase (LIMK)-cofilin pathway stimulates F-actin assembly (Edwards et al. 1999) , while Pak1-induced phosphorylation and consequent inhibition of the microtubule-severing protein Stathmin/ Op18 promotes microtubule assembly (Wittmann et al. 2004) . The link with Pak1 may thus allow the FOXO proteins to control both actin and microtubule dynamics in polarizing neurons.
An important question for future studies is the role of other putative downstream targets of the FOXO transcription proteins in the control of neuronal polarity. Besides Pak1, a number of polarity genes-including Par6, R-Ras, APC, and CRMP2-were down-regulated in FOXO knockdown neurons. Expression of exogenous Par6 or Disc1 failed to reverse the FOXO RNAi-induced impaired polarity phenotype in granule neurons (data not shown), highlighting thus far the importance of Pak1 in mediating the ability of FOXO proteins to promote neuronal polarity. The functions of different components of the local polarity machinery are intimately linked. Accordingly, Pak1 is activated by Cdc42, which in turn is an effector of the Par3/Par6/aPKC complex, suggesting that Pak1 operates downstream from the Par polarity complex. Therefore, regulation of Pak1 gene expression on its own may allow the FOXO proteins to indirectly but critically influence the function of the Par polarity complex.
Identification of the link between the FOXO proteins and Pak1 also points to novel functions for these proteins beyond neuronal polarity in diverse biological settings. As a novel direct target gene of the FOXO proteins, Pak1 may contribute to the panoply of cellular processes regulated by FOXO proteins, including differentiation, metabolism, and oxidative stress responses (Burgering and Kops 2002; Tran et al. 2003; Accili and Arden 2004; Coffer and Burgering 2004; Van Der Heide et al. 2004; Barthel et al. 2005) . Conversely, our findings suggest novel functions for the FOXO transcription factors based on their requirement for Pak1 gene expression. Pak1 promotes multiple aspects of neuronal development in addition to polarity, including dendritic spine morphogenesis and synapse differentiation (Hayashi et al. 2004 (Hayashi et al. , 2007 Nikolic 2008) . The expression of Pak1 and FOXO proteins continued to increase in neurons after the onset of polarization ( Fig. 6D,E; Supplemental Fig. 1 ). Therefore, the FOXO-Pak1 pathway may also play a role in post-synaptic dendritic differentiation, with potential implications beyond development, including synaptic plasticity in the adult brain.
Outside the nervous system, Pak1 is thought to contribute to mitotic progression in cycling cells, a function that may also be relevant to neuronal progenitor proliferation in the developing brain (Kumar et al. 2006; Nikolic 2008) . The FOXO proteins are activated at the G2/M phase in cycling cells (Alvarez et al. 2001; Yuan et al. 2008) . Collectively, these observations suggest the possibility that a FOXO-Pak1 transcriptional pathway may also contribute to mitotic progression in dividing cells. This raises intriguing parallels between mitotic pathways in cycling cells and regulation of polarity in post-mitotic neurons.
Beyond normal development and homeostasis, Pak1 upregulation in the absence of gene amplification has been observed in malignant tumors, including brain tumors, but the mechanisms of Pak1 gene regulation in tumorigenesis have remained unexplored (Kumar et al. 2006) . Our findings raise the interesting possibility that FOXO transcription may contribute to Pak1 up-regulation in tumors.
The identification of the FOXO signaling pathway in the establishment of neuronal polarity in the developing brain also raises the prospect for a better understanding of the control of axonal responses in the mature nervous system. In particular, characterization of the FOXO transcription factors as cell-intrinsic promoters of neuronal polarization may provide clues as to how neurons in the adult mammalian CNS lose the capacity to extend axons following injury and disease.
Materials and methods
Transfection and immunocytochemistry
Primary cerebellar granule neurons were prepared from P6 LongEvans rat pups as described (Konishi et al. 2002) . One day after culture preparation, neurons were treated with cytosine arabinofuranoside (AraC) at a final concentration of 10 mM to prevent glial proliferation. For morphology assays, granule neurons were transfected 8 h after plating using a modified calcium phosphate method (Konishi et al. 2002 Gaudillière et al. 2004 ). High-efficiency transfection of granule neurons for biochemical analyses was achieved using a nucleofection method with the Amaxa electroporation device. To visualize endogenous MAP2 and Tau1, granule neurons were transfected with the Amaxa electroporation device and plated at a density of 100-200 cells per square millimeter. For time-lapse analyses, neurons were plated on etched coverslips (Bellco) and transfected 8 h later. To rule out the possibility that the effects of RNAi or protein expression on neuronal morphogenesis were due to any effects of these manipulations on cell survival, the anti-apoptotic protein Bcl-xl was coexpressed in our experiments. The expression of Bcl-xl had little or no effect on neuronal polarity, and on axonal or dendrite development (Supplemental Fig. 12 ) (Gaudilliè re et al. 2004; Konishi et al. 2004 ). In addition, FOXO knockdown impaired neuronal polarity in the presence or absence of Bcl-xl (Supplemental Fig. 12 ).
Primary hippocampal cultures were prepared as described (Brewer et al. 1993) . Neurons were plated on poly-D-lysine-coated glass coverslips at a density of 200 neurons per square millimeter in Neurobasal medium containing B27 supplement, 0.5 mM L-glutamine, 12.5 mM glutamate, and penicillin/streptomycin. Transfections were performed 12-16 h after plating using a modified calcium phosphate method (Konishi et al. 2002) . A GFP or DsRed2 expression plasmid was cotransfected in all experiments to reveal neuronal morphology. Cells were fixed at the indicated time points and subjected to immunocytochemistry with the GFP (Molecular Probes) or DsRed (BD Biosciences) antibody, together with the MAP2 (Sigma), Tau-1 (Chemicon), Tuj1 (Covance), or MEF2A (Santa Cruz Biotechnologies) antibody, and stained with the DNA-binding dye bisbenzimide (Hoechst 33258).
In vivo electroporation and immunohistochemistry
In vivo electroporation was performed as described . Briefly, P3 Sprague-Dawley rat pups were anesthetized and injected with the indicated plasmids as described . After injection, pups received five electric pulses (160 V, 75 msec duration, 950 msec interval) delivered with a CUY-21 square wave electroporator (Protech). Pups were returned to dams and sacrificed 5 or 9 d later. Transfection efficiency was monitored by GFP fluorescence of dissected cerebella, and positive brains were prepared for cryosectioning. Sections (20 mm or 40 mm) of P8 or P12 rat cerebella were prepared and subjected to immunohistochemistry with a GFP antibody (Molecular Probes) and an anti-calbindin antibody (Sigma) to label Purkinje cells, and stained with the DNA-binding dye bisbenzimide (Hoechst 33258).
Morphological analysis of cerebellar granule neurons and hippocampal neurons
To characterize morphology of cerebellar granule neurons or hippocampal neurons, individual images were captured randomly and in a blinded manner on a Nikon eclipse TE2000 epifluorescence microscope using a digital CCD camera (Diagnostic Instruments). Images were imported into Spot Imaging Software (Diagnostic Instruments), and length of neuronal processes was analyzed by tracing. Total length refers to the length of processes, including all its branches added together for a given neuron. To analyze neuronal morphology in vivo, images of individual granule neurons were captured in a blinded manner and measured as above. Calbindin and Hoechst 33258 staining were used to reveal cerebellar cortex anatomy. Cerebellar granule neurons residing in the IGL were selected for morphometry. To study abnormalities in parallel fiber development, the number of parallel fibers and cell bodies present in a specific region of a section were counted in consecutive sections in a blinded manner at 403 magnification as described .
To analyze neuron polarization, neurons were scored in a blinded manner as polarized or nonpolarized according to reported criteria (Shi et al. 2003) . A neuron in which the longest neurite was at least twice as long as the other neurites was considered polarized. Data were collected from three independent experiments, with 50-100 neurons scored per condition per experiment.
A protocol to quantify enrichment of Tau1 and MAP2 in the longest neurite in hippocampal and cerebellar granule neurons was adapted from Kishi et al. (2005) . Images of polarized and nonpolarized neurons were captured as above, and immunofluorescence intensity was quantified using imaging software. Background immunofluorescence intensity of a noncellular area was subtracted from the mean Tau1 or MAP2 immunofluorescence intensity in each neuronal process to obtain the corrected Tau1 or MAP2 intensity per process. Tau1 and MAP2 enrichment was defined as the ratio of corrected Tau1 or MAP2 intensity in the longest neurite to the second-longest neurite. Data were collected from two or three independent experiments, with 20-25 neurons per condition per experiment.
Polarity gene expression analyses in neurons
Granule neurons were transfected at high efficiency by nucleofection with the control U6 or U6/foxo RNAi plasmid. Two days later, RNA was extracted using Trizol according to the manufacturer's instructions, and cDNA was prepared using oligodT primers and SuperScript III reverse transcriptase (Invitrogen) according to manufacturer's protocol. Quantitative PCR was performed with the LightCycler 480 SYBR Green 1 Master Kit on a LightCycler 480 thermocycler (Roche). For all quantitative PCR experiments, gene expression was normalized to GAPDH levels. Specific amplification of target genes was confirmed by agarose gel electrophoresis and calculation of melting temperature of the amplified product. Primer sequences for RT-PCR analyses and details of the method are available on request.
RNAi and rescue constructs
A DNA template-based method of RNAi was used to express hairpin RNAs targeting the sequence GAGCGTGCCCTACTTC AAGG conserved in all FOXO members (Gaudilliè re et al. 2002; Lehtinen et al. 2006; Yuan et al. 2008) . Rescue constructs were generated by engineering silent mutations for the different FOXO members mutated as follows: FOXO1, GTCCGTCCCGT ACTTTAAGG; FOXO3, GAGCGTCCCGTATTTTAAAG; and FOXO6, CGTCCCGTATTTCAAGG. Knockdown of individual FOXO family members was achieved with hairpins targeting the following sequences not conserved in other FOXOs: CAACCTG AGCCTGCTAGAAGA (FOXO1), GGAACTTCACTGGTGCT AAG (FOXO3), and CCATCATCCTCAACGACTTCAT (FOXO6).
ChIP
ChIP analyses were performed as described (Lehtinen et al. 2006) . Briefly, granule neurons were cross-linked with 1% formaldehyde for 10 min, harvested, and sonicated in ChIP lysis buffer (1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCl at pH 8.0, 200 mM NaCl, 0.1% Na-Deoxycholate, 0.1% SDS, protease inhibitors) to generate chromatin-containing DNA with an average size of 300-1000 nt. A combination of FOXO1, FOXO3, and FOXO6 antibodies (Paik et al. 2007) or rabbit IgG was added to each sample and incubated overnight at 4°C. To purify the immunocomplexes, 20 mL of magnetic Dynabeads (Invitrogen) conjugated to Protein-A were added to the samples and incubated for 1 h at 4°C. The beads were washed with lysis buffer, wash buffer (0.1% Triton X-100, 5 mM EDTA, 30 mM Tris-HCl at pH 8.0, 150 mM NaCl), and TE buffer. The bound protein-DNA immunocomplexes were eluted with 100 mL of elution buffer (100 mM NaHCO 3 , 1%SDS, 10 mM DTT), and cross-linking was reversed for 4 h at 65°C. Next, 250 mL of TE, 5 mg of glycogen, 100 mg of Proteinase K were added to the eluates and incubated for 2 h at 37°C. Chromatin DNA was purified by phenol-chloroform extraction and dissolved in 50 mL of TE buffer. The purified chromatin DNA was subjected to quantitative PCR with the following primers: Rat GAPDH (forward), GCCTCGTCTCATAGACA AGATGG; Rat GAPDH (reverse), TGCTCCTGCTACTTTAG ACTCCG; Rat Pak1 (forward), GTCTAAAGGTTGCTTCTGT TGC; Rat Pak1 (reverse), GTGACCTCTTCCCTTCATGTTC.
Luciferase reporter assays
The upstream 1.4-kb region of the rat Pak1 gene was cloned into the pGL2basic (Promega) vector to generate the Pak1-luciferase reporter gene (Pak1-Luc) using PCR with two primers (59-CAA CACGCGTCAGCCTGTGAGTGCTGTGTT-39 and 59-CGACA GATCTGCTG-CAAAGAGCCGGTAATA-39). Granule neurons transfected 2 d after plating with a modified calcium phosphate method (Konishi et al. 2002 Gaudilliè re et al. 2004) were harvested 36 h later and subjected to dual-luciferase assays (Promega). In all experiments, neurons were transfected with a Renilla firefly reporter to control for transfection efficiency.
Antibodies
Antibodies for FOXO1, FOXO3, Pak1, and cleaved caspase 3 were purchased from Abcam, Upstate Biotechnologies, Santa Cruz Biotechnologies, and Cell Signaling Technology, respectively. For Western blots, we used a FOXO6 antibody generated by immunizing rabbits with the FOXO6 peptide AEGSEDSGP ERRATAPA. For ChIP experiments, we used an antibody generated by immunizing rabbits with full-length FOXO6.
Statistics
Statistical analyses were performed using Statview 5.0.1 (SAS Institute). In experiments in which only two groups were analyzed, comparison of the two groups was done by Student's t-test. Pairwise comparison within multiple groups was done by analysis of variance (ANOVA) followed by the Bonferroni post hoc test. All histogram data were obtained from three or more independent experiments and are presented as mean 6 SEM unless otherwise specified. Statistical information and the total number of cells analyzed per experiment are provided in the figure legends.
